Abstract: On the basis of photonics-assisted compressive sampling (CS), we demonstrate for the first time an integrated system with the capacity of multifrequency recognition and downconversion of intercepted radio frequency (RF) component. Using a single analogto-digital converter (ADC) with sub-Nyquist analog bandwidth of 826.75 MHz, a multicomponent signal with unknown frequencies ranging from 15 to 20 GHz is precisely located with maximum detection error of 100 kHz. The system's ability of photonic downconversion of identified RF component is characterized in terms of spur-free dynamic range (SFDR) as well.
Introduction
Identification of frequencies of an intercepted microwave signal from a radar or communication system is of critical importance in the field of electronic warfare. Over a broad frequency range, it is highly desired to provide the radio frequency (RF) spectrum information of intercepted signal with multifrequency resolving, high accuracy, and real-time operation. Moreover, the downconversion to intermediate frequency (IF) of the interested RF component therein for further digitalizing and processing is also in demand. Conventional RF receivers, however, suffer from high weight, limited bandwidth, vulnerability to electromagnetic interference, and reduced dynamic range due to the nonlinearity of electronic components. As a result, photonics-assisted multifrequency RF recognizing systems as well as all optical RF downconversion techniques have been proposed to overcome these limitations. Multifrequency resolving has been demonstrated by channelizing: A broadband RF signal is modulated on one or multiple optical carriers and then demultiplexed by an optical channelizer, which could be a diffraction grating [1] , a parallel filter bank [2] , or two comb filters with different free spectral ranges [3] . However, an optoelectronic converter array is always a must, and the detection uncertainty is only around the gigahertz range. Though much higher accuracy (tens of MHz) was reported in other schemes [4] , [5] , time-consuming scanning is required. Besides, the desired extraction of the identified RF component is not integrated in those schemes, resulting in extra cost of devices as well as volume and power consumption.
Note that in a radar system, especially in military circumstance, the RF signal under detection is generally spectrally sparse, which contains multiple (assume K ) RF components covering a broadband but possesses little energy outside these K discrete frequencies [6] . The compressive sampling (CS) theory has been proposed as a promising methodology for reconstructing sparse signals with very few measurements [7] - [9] . Benefiting from the nature of photonics, the optical CS has also been proposed recently for larger bandwidth and superior size, weight, and power (SWaP) [6] , [10] . However, the effective implementation, especially for photonics-assisted, multifrequency, broadband RF signals sensing, is still highly concerned. In [10] , even though signals below 5 GHz were compressively digitalized, 40 optical paths, each of which contained a mode-locked laser (MLL), a modulator, an encoding sequence, a photodetector (PD), and an analog-to-digital converter (ADC) were required. Such complicated scheme was only demonstrated by numerical examples. In [6] , one optical path was employed, but only single tone, which had to be the harmonics of ADC sampling rate, was faithfully reconstructed. Additionally, due to the conversion of noise from the whole band to frequency bins containing information, the extracted signal suffered deteriorated signal-to-noise ratio (SNR) and spurious tones in both schemes.
In this paper, we propose a novel photonics-assisted CS system integrated with downconversion to achieve the aimed capacity of broadband, high accuracy, multifrequency resolving, as well as high-dynamic-range extraction of identified component. Experimentally, single and coupled RF frequencies ranging from 15 GHz to 20 GHz are distinguished and recognized through a single ADC with sub-Nyquist analog bandwidth of 826.75 MHz. The maximum detection error is 100 kHz. Under the same setup, the spur-free dynamic range (SFDR) of the downconversion can reach 93.3 dB Á Hz 2=3 . Precisely resolving of as many as ten frequencies is demonstrated numerically. The principle and the essentials of system design are discussed.
System Design and Principle
The proposed system integrated with RF frequency resolving and extraction is shown in Fig. 1(a) . The sampling source for CS contains a short optical pulse train with repetition rate of f rep , which is modulated by an N-bit pseudorandom bit sequence (PRBS). The RF signal x ðt Þ, which covers a known bandwidth of B RF but consists of multiple components centered around unknown frequencies, is modulated onto the PRBS train by a 1 Â 2 Mach-Zehnder modulator (MZM). The MZM is biased so that one output arm works the same as a regular quadrature-biased 1 Â 1 MZM, while the other arm outputs the complementary optical power. The time delays from the outputs of MZM to the inputs of balanced PD (BPD) are equal, and therefore, the output of the BPD is
where pðt Þ is the optical power of the PRBS-modulated pulse train, and V is the half-wave voltage.
After the low-pass filter (LPF), only baseband with bandwidth of B ADC is digitalized by an ADC. Finally, the original RF spectral information is recovered in digital signal processor (DSP) unit periodically at a predefined data acquisition time. The principle of multifrequency resolving is shown in Fig. 1(b) . The pulse train is modulated by the PRBS pattern, resulting in a set of PRBS frequency lines equally spaced by f rep =N. The PRBS lines have different complex amplitudes, which also cover a broadband. After mixing at the 1 Â 2 MZM, each component of the RF signal is downconverted and multicast to a set of base-band lines (compression). The amplitudes of such base-band lines follow the pattern of a part of the original PRBS lines while their frequencies are corresponding to the particular RF component (encoding). Consequently, on one hand one could obtain the broadband RF spectral information by a muchnarrower-band ADC thanks to the spectrum compression. On the other hand, the original spectrum can also be recovered from the digitalized data based on the encoded patterns. This process is mathematically described in [8] , and the recovery is theoretically supported by CS [7] , [11] .
In order to obtain the easier implementation, better frequency resolving performance, and integrated higher-dynamic-range information extraction, three improvements have been made compared to the previous photonics-based CS schemes. First, Fig. 1(a) shows a feasible scheme rather than [10] and offers the advantage of acquiring multiple and nonharmonic tones over [6] . While other designs [8] , [10] focus on compressing the incoming signals with different encoding sequences, our scheme exploits the capacity of a single encoding sequence with only one optical sampling channel. In this case, the observation matrix in the reconstruction algorithm (which is defined in [8] ) is a Toeplitz matrix, whose performance has been proved to guarantee the signal recovery [11] . Extensive researches [7] , [8] indicate that stable recovery of incoming signal requires approximately
where Oðx Þ means the same order of magnitude of x . Equation (2) shows that B ADC grows logarithmically, rather than linearly, with B RF , which implies the possibility of sub-Nyquist sampling in our scheme. Performance according to the key parameters should be concerned for the proposed system design. On one hand, Fig. 1 shows the compression of broadband RF signal requires a set of weights covering also a broadband. The PRBS encoding is chosen since it provides flat Fourier coefficients (weights), which guarantee a uniform SNR and recovery probability [10] . Note that such weights are symmetrical around harmonics of f rep =2 and repeat every f rep . Therefore, two components will not be clearly distinguished after compression if their interval is any harmonics of f rep =2 because they will have the same pattern. So, the RF bandwidth is limited by
On the other hand, the power of PRBS lines decays with the increasing of RF frequency due to the nonzero optical pulse width, t . As a result, the proposed CS source gives an upper bound f max for recoverable RF frequency as
Besides, according to the well-known property of Fourier transformation, the longer the data acquisition time, the smaller frequency grid one can get in DSP [5] . Therefore, the uncertainty of the detected frequencies is determined by the acquisition time as
The second improvement is to employ a 1 Â 2 MZM with BPD rather than the ordinary MZM in [6] and [10] . Mathematically, the output of BPD is PRBS-modulated short pulse train multiplied by RF signal, under the approximation of small-signal modulation on the 1 Â 2 MZM. Such design provides not only a higher SNR due to balanced receiver, but also the capacity of stably detecting. Ordinary MZM cannot suppress the original PRBS frequency lines. Therefore, when the RF frequency is any harmonics of f rep =N, the multicast and patterned lines overlap with the original PRBS lines, which will incur significant recovering instability. However, our design ensures a cancellation of the original PRBS lines and keeps the modulation linear as well. This implementation makes the recognition of particular frequencies more likely.
The third improvement is to integrate the capacity of downconverting identified signal. Though CS algorithm recognizes the frequency of the interested component, f s , precisely according to (5), the recovered signal usually has large noise and spurious tones (refer to the following experiment results as well as [6] , [10] ). Instead, we turn off the PRBS modulation in Fig. 1(a) and tune the repetition rate of the short pulse train to f LO (LO: local oscillator). Such pulse train is then employed directly for downconversion. From a spectral viewpoint, the pulse train is a broadband frequency comb with equal line interval of f LO . The desired downconversion occurs when the nth line of the frequency comb is aligned properly to the interested signal with f s
where f IF is the predefined IF. Note that other lines should not overlap with the entire monitored RF band B RF to avoid interference from mixing between harmonics of f LO and any other components. As a result, the following equation should be maintained:
In our system of Fig. 1(a) , the downconversion signal could be either output after LPF or digitalized by ADC for further analysis. Note that as long as (6) and (7) are satisfied, only one frequency line of the short pulse train, with frequency offset of nf LO , participates in the downconversion. As a result, our downconversion scheme is equivalent to that where a continuous wave LO is employed to coherently downconvert a particular RF component, with the assistance of filter [12] , [13] . The nonlinearity of such downconversion link comes from the sinusoidal transfer function of MZM, according to (1) , and has been well analyzed in [12] , [13] . However, the integrated implementation offers the advantages of shared devices and reduced cost.
Experiment and Simulation
A system design for the proposed integrated multifrequency recognition and downconversion is experimentally and numerically demonstrated. In our experiment, the pulse generator is constructed using a cascade of MZM and phase modulator (PM) [14] , [15] , as shown in Fig. 2 . Both modulators are driven at f rep ¼ 10 GHz. The wave shaper (Finisar wave shaper 4000s) is used to dechirp and compress the pulse to 15 ps. N is equal to 127 in the following PRBS modulation. The advantages of our pulse generator over MLL include reduced cost and easier repetition rate tuning for downconversion. Single or multiple RF tones serve as the signal under detection. For the availability of our equipment, the mixed signal is received by a 10-GHz BPD and a 10-GS/s oscilloscope (LeCroy WavePro 7400A), which is, however equivalent to an ADC with analog bandwidth of 826.75 MHz, since a numerical filter with above bandwidth is applied to the digitalized data. Every about 10 s, the acquired data are fed to the recovering process, which is currently an offline MATLAB program using gradient pursuit algorithm [16] . The real-time operation could be achieved by a DSP unit in practice.
According to (3) and (4), our scheme is capable of detection and extraction unknown RF components within a given 5-GHz bandwidth at frequency as high as 60 GHz. Under the ADC analog bandwidth of 826.75 MHz, the number of detectable sparse components is around 10, according to (2) . In this paper, multifrequency recognition within 15 to 20 GHz is verified by the following examples. First, single-tone RF signals are sent into the proposed system to demonstrate the capacity of sensing single frequency. Frequencies equal to harmonics of f rep =N are also tested. The recovered RF spectra, corresponding to different trials, are plotted in Fig. 3 . Our experiment shows that unknown single frequencies, in the range of 15 GHz to 20 GHz, can be recovered precisely: The recovered (original) frequencies are 15.74813 GHz (15.74803 GHz, the 200th harmonics), 16.77175 GHz (16.77165 GHz, the 213th harmonics), 17.30002 GHz (17.30000 GHz), and 18.81899 GHz (18.81900 GHz, the 239th harmonics), respectively. The maximum detection error is 100 kHz.
Second, the multicomponent resolving is shown by inputting two coupled RF tones. When the RF frequencies are 15.03000 GHz and 19.97000 GHz, which are located at the two sides of the given 5-GHz band, the recovered spectrum is shown in Fig. 4 . The sensed two frequencies are 15.03006 GHz and 19.96998 GHz, with a maximum error of 6 kHz. Even if the two frequencies Due to the limitation of our equipment, we show the capacity of recognizing more frequencies by a numerical example. In simulation, the parameters are the same as those in experiment, except that the input RF signal consists of ten tones randomly located between 15 GHz and 20 GHz. The reconstructed spectrum is shown in Fig. 6 . Ten frequencies are recognized simultaneously with negligible frequency error. Note that spurious tones in the experiments (see Figs. 3-5 ) are owing to the downconversion of noise from the entire spectrum to baseband [10] . Since the noise is ignored in simulation, spurious tones disappear in Fig. 6 .
The maximum frequency detection error in experiment is 100 kHz, which is consistent with the calculation of (5) under the 10-s acquisition time. As a result, the setup imperfections, including the timing jitter of the sampling pulses (about 1 ps, which induces dithering of the PRBS lines in the frequency domain) and the time delay difference of the BPD (less than 10 ps), show no significant degeneration on the estimation accuracy. Besides, V of the 1 Â 2 MZM (EOSpace) is 6.5 V, and the power of each RF tone is 10 dBm in our experiment. Input with low RF power will reduce the SNR of digitalized data, while very high signal power will introduce large nonlinearity as well as spurious tones, according to (1) ; either case will decrease the estimation accuracy.
The final experiment is performed to illustrate the capacity of downconverting identified RF component. As shown in Fig. 5 , the RF signal has already been recognized around 19.590 GHz by CS. Assume f IF ¼ 150 MHz. On the basis of (6) and (7), we choose n ¼ 2 and tune the repetition rate of our pulse generator to f LO ¼ 9:72 GHz. The spectrum of downconverted two-tone signal with 3rd order intermodulated distortion (IMD3) is shown in Fig. 7 . The SFDR after downconversion is also measured, which reaches 93.3 dB Á Hz 2=3 at 1 Hz noise bandwidth. In our experiment, the SFDR is mainly limited by the relatively high noise floor (À143 dB), which is induced by the optical amplifier in the fiber link. In addition, the dispersed f LO power is also attributable: The short pulse train contains many frequency lines, while only one of them contributes to the downconversion. The SFDR could be improved by higher optical power source, low noise optical amplifier, as well as BPD that tolerates higher power.
Conclusion
On the basis of CS, we demonstrated for the first time a system capable of precise multi-RFfrequency resolving as well as high-dynamic-range downconversion. With an example of RF range from 15 to 20 GHz, our system estimated frequencies by ADC with sub-Nyquist bandwidth of only 826.75 MHz. The maximum error is 100 kHz. Such design was expected to distinguish as many as ten RF components within the 5-GHz band. By employing an optical short pulse generator with tunable repetition rate, our system showed the integrated capacity of signal extraction for further digitalizing or processing. SFDR of 93.3 dB Á Hz 2=3 was obtained in the prototype experiment.
